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Prebreakdown in multicrystalline silicon ͑mc-Si͒ solar cells as well as in silicon diodes happens in tiny dotlike spots distributed over the cell area. 1 Using an electroluminescence ͑EL͒ ͑Ref. 2͒ and a dark lock-in thermography ͑DLIT͒ ͑Ref. 3͒ measurement setup, we have shown recently that in mc-Si solar cells at least three different types of prebreakdown can co-exist 4, 5 which differ in their local I-V characteristics as well as in the underlying physical breakdown mechanism.
One kind of prebreakdown was shown to be strongly correlated with recombination active areas even on the microscopic scale, 5 i.e., these breakdown sites are localized at defects like dislocations or grain boundaries. The heat generation and the light emission of this type increase only slowly with increasing reverse bias, a characteristic referred to as "soft" breakdown. Recently, we observed 6 that there is a direct correlation between the metallic impurity concentration within the wafer and the voltage range in which the local type II prebreakdown sets in. While in relatively clean mc-Si solar cells this type of prebreakdown occurs at approximately Ϫ10 V, the breakdown voltage was found to be lowered to about Ϫ7.5 V in material which was intentionally contaminated with 200 ppmwt iron, 40 ppmwt chromium, and 40 ppmwt nickel in the silicon melt.
The obvious macroscopic correlation between recombination active defects and soft prebreakdown suggests that the local material properties account for both the recombination activity and the prebreakdown. It is known that transition metals are likely to precipitate at dislocations and grain boundaries, reducing the local carrier lifetime. 6 It has also long been suspected that metal precipitates lead to a soft breakdown behavior of silicon pn junctions [7] [8] [9] [10] by relating global I-V characteristics with the presence or absence of certain defects.
In this contribution we will show that the soft breakdown in mc-Si solar cells occurs in singular spots where metal precipitates are found.
Wafers ͑format 125ϫ 125 mm 2 ͒ were selected from different block heights from multicrystalline silicon ingots fabricated from prime poly feedstock using the block-casting method and processed to solar cells in an industrial screen printing process. Instead of the wet chemical texturization etch, a polishing damage etch was applied in order to minimize the influence of the wafer surface on the measurements. EL images taken in forward bias of all solar cells showed a typical distribution of recombination active regions, while breakdown light emission was detected in reverse bias at many singular spots, correlating to the recombination active areas as expected from our previous investigations. 5 Due to the damage etch no hard breakdown ͑type III͒ was observed.
11 A representative solar cell from the bottom of the ingot was chosen for the following investigation.
The local prebreakdown behavior was characterized by bias-dependent EL-intensity measurements. For details of the procedure, refer to Refs. 4 and 5. For the microscopic investigations, a sample of approximately 10ϫ 20 mm 2 was cut out containing many soft breakdown sites. Figure 1͑a͒ shows the EL measurement in forward bias ͑+600 mV͒ of a part of the sample in which recombination active defects appear as dark regions. At Ϫ10 V reverse bias, we observed breakdown light emission at the spots marked by the blue circles with the help of EL imaging. Some light emitting breakdown sites are located along grain boundaries, which are characterized by dark continuous lines in the EL image, while others are found in areas of rather homogeneously decreased band-to-band luminescence which is typical for high dislocation density regions. Similar regions of breakdown sites correlating with recombination active dea͒ Electronic mail: wolfram.kwapil@ise.fraunhofer.de. fects are found in all standard mc-Si solar cells, 5, [12] [13] [14] therefore our sample represents soft breakdown regions well.
Due to the complexity of the microscopic measurements, the following study was performed on two exemplary breakdown sites. Figure 1͑b͒ shows the SEM image of the investigated area marked by the dotted rectangle in Fig. 1͑a͒ .
In order to locate the breakdown sites with a high precision, microscopic investigations were carried out with an EL-/PL-spectroscopy mapping tool with a resolution on the order of 1 m. The setup comprises an optical microscope and a sample holder attached to a piezostage; more details can be found in Ref. 15 . The sample can be connected to a voltage generator, which allows a reverse bias to be applied and thus to generate breakdown light emission.
With the help of the EL-/PL-mapping tool, the two breakdown sites which were found in the macroscopic EL images could be located at two different boundaries of one grain ͑marked by the white circles͒, see insets in Fig. 1͑b͒ . The exact position of the prebreakdown sites was determined by making use of the piezostage to yield the coordinates of both spots. Characteristic features of the wafer surface around these coordinates which were found in the microscopic images ͑resolution ϳ1 m͒ were taken as a marker.
Micro-x-ray fluorescence ͑-XRF͒ measurements of these two breakdown sites were performed at the beamline ID22NI at the European Synchrotron Radiation Facility ͑ESRF͒. The nanoimaging stage features a spot size of approximately 100ϫ 100 nm 2 together with a high photon flux ͑ϳ10 12 ph/ s at 17.5 keV͒. The combination of small spot size and high photon flux allows for the detection of transition metal precipitates with a diameter on the order of some ten nanometers 16 when the clusters are located within some ten micrometers beneath the wafer surface. Using the markers determined in the EL maps, the -XRF mappings were carried out in an area of 20ϫ 20 m 2 centered at the prebreakdown spots. The results are shown in Fig. 2 .
Iron precipitate colonies were detected at both prebreakdown sites. They are distributed along single lines which correspond to the grain boundaries. In region 1, also one copper precipitate was found. The distance between this copper cluster, however, and the position of the prebreakdown was determined to be approx. 5 m. The location of the iron precipitate colonies, on the other hand, coincides well with the breakdown spots taking into account the limits of the spatial resolution provided by the EL-/PL-mapping tool ͑1 m͒ and the accuracy of the positioning of the x-ray spot on the sample, which we estimate to be around 1 -2 m.
In addition, we performed several -XRF mappings distant to the prebreakdown sites along the grain boundary labeled A in Fig. 1 . However, in spite of the high recombination activity of this grain boundary no other precipitates within the detection limit of around 30 nm in diameter were discovered, underlining the evident concurrence of Fecontaining large clusters and prebreakdown spots.
It is known that several configurations of iron containing precipitates exist, including different iron silicides, oxides, and mixed states 17, 18 which have in common that they are recombination active. There are indications that in block-cast mc-Si, precipitate colonies along grain boundaries similar to the clusters displayed in Fig. 2 consist of small iron silicide particles, while iron oxides tend to be larger and do not form colonies, 19, 20 pointing toward prebreakdown at iron silicide precipitates.
In a previous investigation, 5 we observed that the soft breakdown behavior of solar cells does not depend on the element of the main impurity but on the impurity concentration. Therefore it is unlikely that soft breakdown happens only at one certain kind of metal precipitate species. This raises the question as to why in this sample, prebreakdown does not happen at the large Cu precipitate detected in region 1 but at the Fe clusters. The measured ratio of the intensity of the K␣ and the K␤-lines of both clusters is close to 100:17, which is the expected intensity ratio for x-ray emission in air for Cu and Fe. 21 Due to the larger penetration depth of the wavelength corresponding to the K␤-line in silicon, the intensity ratio would change toward smaller values if the precipitates were placed deep within the wafer bulk. Thus, both clusters are found very close to the wafer surface where the space charge region is located in silicon solar cells.
Earlier publications already stated that metal precipitates close to the wafer surface have a direct impact within the space charge region, although lacking direct proof. [7] [8] [9] [10] 22 In addition, the space charge region is influenced by the threedimensional formation of the emitter, which in turn is related to the surface morphology. Then the modification of the space charge region, which eventually leads to locally decreased breakdown voltage, is a result of the complex interaction between the local surface structure ͑as evidenced for example in Ref. 14͒, the local emitter depth profile and the size and the position of the precipitate with respect to the space charge region. Therefore, the breakdown behavior in region 1 could be explained by the local properties, e.g., the surface structure, which happens to favor breakdown at the Fe colony rather than at the large Cu precipitate.
Previously local shunts could already be attributed to metal clusters in the space charge region detected with -XRF. 23 In the solar cells taken for this investigation, DLIT measurements did not reveal any shunt activity, which indicates that the metal clusters within or close to the space charge region either have a diameter that is significantly smaller than the space charge region width, or they do not possess a regular metallic conductivity but rather a dielectric nature.
There are several mechanisms which can account for the space charge region modification due to metal precipitation: ͑i͒ Avalanche 24 or Zener diode breakdown 25 can be assisted by the presence of impurity cluster defect levels close to the center of the silicon band gap. 12 It is well known that precipitates containing different transition metal elements lead to similar recombination activities, therefore defect level-assisted breakdown can happen in many differently contaminated mc-Si solar cells. However, at this point it is interesting to note that soft breakdown seems to be induced by individual large clusters ͑diameterϾ 30 nm͒ rather than by smaller particles which are assumed to be finely distributed along grain boundaries and dislocations. Since small precipitates possess a larger recombination active silicide-silicon interface area than individual large clusters, one would expect that the occurrence of soft breakdown is more probable at small clusters, which is not observed in our case. ͑ii͒
The presence of an electrical charge in the vicinity of the metal precipitates e.g., due to Schottky contacts between the silicon matrix and the metal clusters 22, 26, 27 may increase the local electric field and lead to prebreakdown. For the formation of a Schottky contact, it is necessary that the work function of the metal precipitate, which depends on the element and the cluster size, be in a certain range. The Schottky barrier height of most metal silicides varies between 0.5 and 0.7 eV, 22 therefore one would expect the same soft breakdown behavior for many differently contaminated mc-Si solar cells. Contrary to defect levelassisted avalanche or Zener breakdown, however, Schottky contacts only form at sufficiently large clusters, which can explain our observations. ͑iii͒ The phosphorus emitter layer may vary due to the presence of metal precipitates which can result in an increase of the local electric field.
Further investigations are needed to discern the detailed mechanism of prebreakdown at metal precipitates. In summary, synchrotron based -XRF mappings revealed the presence of iron precipitate colonies at the position of prebreakdown spots which are related to recombination active defects ͑type II͒. This gives a direct indication that transition metal precipitates cause soft prebreakdown in mc-Si solar cells.
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